Exhaustion of CD8 + T cells and upregulation of programmed death 1 (PD-1), a negative regulator of T cell activation, are characteristic features of individuals chronically infected with human immunodeficiency virus type 1. In a previous study, we showed in mice that a dendritic cell-directed lentiviral vector (DCLV) system encoding the human immunodeficiency virus (HIV)-1 Gag protein was an efficient vaccine modality to induce a durable Gag-specific T cell immune response. In this study, we demonstrate that blocking of the PD-1/PD-1 ligand (PD-L) inhibitory signal via an anti-PD-L1 antibody generated an enhanced HIV-1 Gag-specific CD8 + immune response following both a single round of DCLV immunization and a homologous prime/boost regimen. The prime/boost regimen combined with PD-L1 blockade generated very high levels of Gag-specific CD8 + T cells comprising several valuable features: improved ability to produce multiple cytokines, responding to a broader range of Gag-derived epitopes, and long-lasting memory. This enhanced cellular immune response generated by DCLV immunization combined with anti-PD-L1 blockade correlated with improved viral control following challenge with Gag-expressing vaccinia virus. Taken together, our studies offer evidence to support the use of PD-1/PD-L1 blockade as an adjuvant modality to enhance antigen-specific immune responses elicited by T cell-based immunizations such as DCLV.
IntroductIon
The immune system fails to control such chronic infections as human immunodeficiency virus (HIV), hepatitis C virus, and hepatitis B virus, and in the case of HIV and hepatitis C virus, developing effective vaccines has been extremely difficult. One of the main causes of this failure may stem from the fact that in these patients, continuous antigenic stimulation leads to defects in cytotoxic T lymphocytes (CTLs) activation. 1 For example, exhaustion of virus-specific CD8 + T cells was first reported in lymphocytic choriomeningitis virus infection and has been observed in other chronic infections as well, including HIV, simian immunodeficiency virus, hepatitis B virus, and hepatitis C virus models. [1] [2] [3] [4] One signature of exhausted CD8 + T cells is their upregulation of certain inhibitory molecules. Programmed death 1 (PD-1), a transmembrane immunoreceptor of CD28 family, has been identified as one of these key negative regulators of T cell functions. 5 PD-1 is expressed by a range of activated immune cells, including CD8 + and CD4 + T cells, B cells, and natural killer cells. 6 It binds to two known ligands, PD-1 ligand (PD-L1) and PD-2 ligand (PD-L2), with PD-L1 more widely expressed on T cells, B cells, dendritic cells (DCs), and macrophages. 7 A number of studies have provided specific evidence that PD-1 upregulation and increased engagement to its ligands are correlated with the reduced ability of T cells to undergo activation, proliferation, and cytokine production. [8] [9] [10] Based on these data, several groups have suggested that blocking the PD-1-mediated pathway may restore the function of exhausted antigen-specific CD8 + T cells and may therefore provide a therapeutic means to alleviate these infections. [11] [12] [13] Toward this goal, Ha et al. showed in an lymphocytic choriomeningitis virus infected mouse model that therapeutic vaccination in combination with PD-L1 blockade enhanced the antigen-specific CD8 + T cell response and promoted viral clearance. 13 Similarly, in a simian immunodeficiency virus infected macaque study, Velu et al. observed expansion of simian immunodeficiency virus specific polyfunctional CD8 + T cells, as well as B cell proliferation and an increase in antibody titer following treatment with PD-L1 blockade. 12 Relevant to HIV infection, PD-1 expression level is positively associated with HIV-specific CD8 + T cell impairment and plasma viremia 10 and CD4 effector functions can be restored in vitro by PD-L1 blockade.
14 Therefore, PD-1 treatment could potentially be used to enhance the immune response in patients with HIV, 15 or in combination with vaccines to improve their efficacy.
DCs are professional antigen presenting cells that are responsible for mounting and modulating the adaptive immune response. 16 Various forms of potent DC-based vaccines have been developed, such as targeting specific DC populations, 16 involvement of molecular adjuvants, [17] [18] [19] and administration of molecules to inhibit signaling involved in attenuating DC activation. 20 In our previous studies, we developed a lentiviral vector enveloped with a Sindbis virus-derived glycoprotein engineered to be specific for DCs. 21 In this study, we have evaluated a combinatorial vaccine strategy that combines a dendritic cell-directed lentiviral vector (DCLV)-based vaccine with blockade of the PD-1/PD-L1 pathway. We injected an antibody specific to mouse PD-L1 (αPD-L1) that has been shown to effectively suppresses the interaction between PD-L1 and its cognate receptor PD-1. 13, 22 When applied with the primary phase of immunization delivered by DCLV encoding HIV-1 Gag (DCLV-Gag), or with a homologous boosting immunization, αPD-L1 significantly enhanced the generation of Gagspecific and cytokine-producing CD8 + T cells. The responding Gag-specific CD8 + T cells from prime/boost regimens displayed an increased ability to produce multiple cytokines, a broader T cell repertoire capable of recognizing multiple Gag epitopes, and an enhanced capacity to control virus infection following a vaccinia virus challenge.
results

Pd-l1 blockade increases the frequency of Gagspecific cd8 + t cells elicited by dclV immunization
To examine the potential role of PD-1/PD-L1 pathway on eliciting Gag-specific T cell immunity, we first investigated the effect of in vivo blockade of the PD-L1 molecule on the generation of T cell immune responses from a DCLV-based vaccine for HIV-1 Gag. BALB/c mice were immunized with 5 × 10 6 transduction units (TU) of DCLV-Gag, in the presence of anti-PD-L1 blocking antibody (αPD-L1), or an isotype antibody as a control. Two weeks after vaccination, cells from the spleen and lymph nodes (LNs) were collected for tetramer analysis of Gag-specific CD8 + T cell responses. In spleens, consistent with our previous study, 23 DCLV immunization alone induced potent expansion of Gag-specific CD8 + T cells (~3% of total CD8 + cells) (Figure 1a,c) . Notably, in vivo PD-L1 blockade by αPD-L1 resulted in a marked increase in the Gag-specific CD8 + T cell frequency (~7% of total CD8 + cells) (Figure 1a,c) . An enzyme-linked immunosorbent spot (ELISPOT) assay with the Gag-epitope peptide showed that more IFN-γ-secreting cells were present in the group with PD-L1 blockade (1,500 versus 600 spot-forming cells (SFC)/10 6 cells, P < 0.05, Figure 1b) . In LNs, which are the reservoir of memory T cells, Gag-specific CD8 + T cells were minimally detectable in mice immunized with DCLV alone. However, a substantial number of Gag-specific T cells (~1.6%) were detected in LN of mice immunized with DCLV along with αPD-L1 (Figure 1c) . These data show that PD-L1 blockade can increase the generation of antigenspecific CD8 + T cells induced by DCLV-based vaccination.
Pd-l1 blockade enhances dclV-based booster immunization for generating Gag-specific cd8 + t cell immunity In our previous study, we showed that DCLV immunization could significantly improve a primary antigen-specific memory immune response when administered as a booster immunization following the primary DCLV vaccination. 23 Having shown that PD-L1 . Each group consisted of four mice. P values were calculated using one-way Anova followed by a Bonferroni nonparametric posttest (ns, not significant; ***P < 0.001; **P < 0.01; *P < 0.05). The data are representative of two independent experiments. DCLV, dendritic cell-directed lentiviral vector; ELISPOT, enzyme-linked immunosorbent spot; HIV, human immunodeficiency virus; LN, lumph node; PD-L1, programmed death 1 ligand; SP, spleen.
blockade could improve the CD8 + T cells response in a single immunization regimen (above), we hypothesized that a prime/ boost regimen could further improve the T cell response when combined with PD-L1 blockade. To test this hypothesis, BALB/c mice were primed with a footpad injection of DCLV-Gag, followed by a booster injection consisting of a second dose of DCLV-Gag with either αPD-L1 or an isotype antibody treatment. Mice vaccinated with phosphate-buffered saline (PBS) at all injection points were used as controls. To assess the immune response, blood samples from all groups were obtained at multiple time points as indicated, and Gag-tetramer staining were performed on peripheral blood mononuclear cells (PBMC) (Figure 2a) . In agreement with our previous study, 23 the initial immunization reached a peak response at week two (~3% Gag-tetramer + CD8 + T cells), and the boost injection greatly increased the number of antigen-specific T cells (Figure 2b) . While a similar level of Gag-specific CD8 + T cell responses was observed in both groups after the prime vaccination, a boost DCLV-Gag immunization with PD-L1 blockade exhibited a much greater increase than that observed without blockade (to 20 versus 6% CD8 + tetramer + T cells, Figure 2b ).
Ten days after boost injection, cells from spleens and LNs were assayed by Gag-tetramer staining and IFN-γ ELISPOT, as described in the previous section. In spleen cells, mice immunized with PD-L1 blockade showed a significant advantage in numbers of antigen-specific CD8 + T cells (20 versus 6%, P < 0.001) and a large increase in IFN-γ-producing CD8 + T cells (7,800 versus 2,500 SFC/million cells, P < 0.05) (Figure 2c,d, upper) . Analysis of DCs in spleens showed a slightly higher activation of DCs after αPD-L1 treatment (Supplementary Figure S1 online) . In LNs, PD-L1 blockade also led to more antigen-specific CD8 + T cells (1.5% versus 0.6%, P < 0.05) and IFN-γ-producing CD8 + T cells (980 versus 240 SFC/million cells, P < 0.05), compared with those without blockade (Figure 2c,d, bottom) . dclV prime/boost regimen combined with Pd-l1 blockade elicits multifunctional cd8 + t cell responses Increasing evidence points to the correlation of polyfunctional HIV-specific CD8 + T cells frequencies with delay of disease progression. 24, 25 Since blocking the PD1/PD-L1 pathway has been shown to be beneficial to restoration of CD8 + T cell function, we next sought to test whether the PD-L1 blockade could enhance the production of polyfunctional Gag-specific CD8 + T cells. Therefore, we characterized the functional repertoire of antigenspecific CD8 + T cells generated by different vaccination protocols, in term of their ability to produce cytokines. Spleen cells were harvested 10 days post-boost immunization from mice vaccinated with DCLV prime/DCLV boost with the treatment of either an αPD-L1 or an isotype antibody, followed by restimulation with a library of overlapping HIV-1 Gag peptides. A polychromatic flow cytometry assay was performed on the restimulated spleen cells to simultaneously assess the production of three cytokines (IFN-γ, IL-2, and TNF-α). The pattern (%) of cytokine-secreting cells in both groups was similar, with high levels of IFN-γ secretion, followed by TNF-α, and much lower levels of IL-2 (Figure 3b) . PD-L1 blockade in conjunction with DCLV prime/boost regimen increased the total frequency of IFN-γ + (from 4.5 to 8.7%) and TNF-α + (from 1.4 to 3.5%) cells within the CD8 + T cell population, whereas it had a slight effect on the frequency of cells producing IL-2 (from 0.7 to 1.1%) (Figure 3b) . Generally, compared with the prime/boost alone, PD-L1 blockade produced larger subsets of Gag-specific CD8 + T cells that secreted more than one cytokine simultaneously. The number of CD8 + T cells producing three cytokines from αPD-L1-treated mice was almost four times that of the isotype control group (Figure 3c) . On average, mice treated by PD-L1 blockade generated more Gag-specific CD8 + T cells capable of producing both IFN-γ and TNF-α cytokines than those without blockade (1.84 versus 0.67%, Figure 3a,c) . These results demonstrate a significant polyfunctional advantage of the cellular immune response that results from prime/boost vaccination with PD-L1 blockade over that without blockade.
dclV-based prime/boost vaccination combined with Pd-l1 blockade induces long-term immunity
To assess the persistence of the Gag-specific immune response, we conducted a separate experiment consisting of three groups of mice that received the same vaccine modalities as in Figure 2 , but were analyzed 2 months after the boost injection (Figure 4a ). The Gag-specific CD8 + T cell responses in blood samples from each group were longitudinally monitored. The numbers of Gagspecific CD8 + T cells in PBMC samples of both groups decreased during the first 3 weeks and reached a stable value through day 68, with an ultimate frequency of ~7% of tetramer-positive CD8 + T cells from αPD-L1-treated mice and ~2% from nontreated mice (Figure 4b) . At day 68 post-boost immunization, spleens were harvested and subjected to tetramer and cytokine staining, as described above. Consistent with the PBMC results, the frequency of Gag tetramer-positive CD8 + T cells in the αPD-L1-treated mice at day 68 had declined, but was still maintained at a considerable frequency, 8.4% (Figure 4c ). In contrast, only 2.2% of Gag-specific CD8 + T cells were observed in nontreated mice (Figure 4c ). Upon stimulation with the HIV-1 Gag peptide pools, the number of cytokine-secreting CD8 + T cells in the PD-L1 blockade group was greater than that of the group without blockade at this longer time point (Figure 4d) . Moreover, the Gag-specific CD8 + T cells in the PD-L1 blockade group maintained their polyfunctionality better with an average of 1.2% IFN-γ + /TNF-α + (versus 0.3%), and 0.4% IFN-γ + /IL-2 + cells (versus 0.2%, Figure 4e) . The above findings confirmed that PD-L1 blockade leads to better preservation of the number and polyfunctionality of HIV-1-specific CD8 + T cells.
dclV-based prime/boost vaccination combined with
Pd-l1 blockade induces a broad HIV-1 Gag-specific t cell response Due to the genetic diversity of HIV-1 in nature, inducing a T cell response against multiple epitopes is a desirable feature of an acquired immune deficiency syndrome (AIDS) vaccine. 26, 27 Previously, we showed that a DCLV vaccine could lead to the proliferation of T cells that responded to several epitopes by utilizing a cross-linked peptide matrix of multiple Gag epitopes. 23 We next hypothesized that PD-L1 blockade could further broaden that response. To test this, a library of 123 peptides covering the entire repertoire of epitopes for the HIV-1 B Gag sequence was divided into 23 pools named P1-P23. Each 15 amino acid-long single peptide was present in two independent peptide pools (Figure 5a) . 6 transduction units of DCLV-Gag, and boosted with DCLV-Gag in conjugation with αPD-L1 (◼) or isotype antibody (▲) treatment three times; the control group was primed and boosted with PBS (◆). (b) Frequencies of Gag tetramer + CD8 + T cells were determined in PBMC samples from different groups at the indicated time points. Ten days post-boost immunization, T lymphocytes from spleen and lymph node cells were evaluated for (c) Gag-specific CD8 + T cell expansion by tetramer staining and (d) IFN-γ secretion by ELISPOT. P values were calculated using one-way Anova followed by a Bonferroni nonparametric posttest (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001); n = 4 mice per group. The data are representative of two independent experiments. DCLV, dendritic cell-directed lentiviral vector; ELISPOT, enzyme-linked immunosorbent spot; LN, lumph node; PBMC, peripheral blood mononuclear cell; PBS, phosphate-buffered saline; PD-L1, programmed death 1 ligand; SFC, spot-forming cells; SP, spleen. The splenocytes from animals immunized with PBS, DCLV prime/ DCLV boost + αPD-L1, or DCLV prime/DCLV boost + isotype antibody were isolated 10 days post-boost injection, exposed to each of the 23 peptide pools, and then assessed by IFN-γ ELISPOT assay. As the mean readout of T cells from PBS mice was less than 160 SFC/million, we defined a cutoff value of 800 SFC/million (five times background readout) as a threshold for measuring a positive response. We found that mice immunized with DCLV plus PD-L1 blockade positively responded to 10 peptide pools (P4, P5, P6, P7, P8, P15, P16, P17, P22, and P23), whereas the mice without PD-L1 blockade positively responded to only four pools (P4, P5, P16, and P17) (Figure 5a,b) . Moreover, we noticed that the overall T cell response elicited by vaccination with PD-L1 blockade included greater frequencies of antigen-specific T cells than that from the prime/boost only. The aforementioned results indicate that PD-L1 blockade with DCLV prime/boost strategy induced the activation of a set of CD8 + T cells that could respond to a broader array of epitopes.
dclV-based vaccination combined with Pd-l1 blockade provides better protection against vaccinia virus challenge
Having shown that PD-L1 blockade could enhance the characteristics of a CD8 + T cell response, we hypothesized that this blockade could also provide better protection against infection by a pathogen. A recombinant vaccinia virus carrying the full length of HIV-1 Gag gene (vv-Gag) was used as a challenge model. These viruses do not incorporate Gag proteins, but present Gag-derived peptides on the surface of infected cells. 18, 28 Three groups of mice (unvaccinated mice, mice vaccinated with the DCLV-based prime/boost protocol alone, or DCLV-based prime/boost with PD-L1 blockade) were challenged intraperitoneally with vv-Gag (10 7 PFU) 2 weeks after last vaccination. At day 7 following challenge, mice treated with either vaccination regimen developed a significantly lower level of vaccine virus titer in ovaries as compared with the unvaccinated group (6 × 10 4 or 2 × 10 2 PFU/ml versus 6 × 10 7 PFU/ml; P < 0.001, Figure 6 ). PD-L1 blockade afforded a nearly 300-fold greater reduction of vaccinia virus titer compared with that without PD-L1 blockade. Furthermore, in two of the six mice treated with PD-L1 blockade, viral load declined to a nearly undetectable level. These data show that the stronger immunogenicity engendered by PD-L1 blockade correlates to a stronger antiviral response during vaccinia virus challenge. The P values are calculated using one-way Anova followed by a Bonferroni nonparametric posttest (ns, not significant; *P < 0.05; **P < 0.001; ***P < 0.001). The data are representative of two independent experiments. DCLV, dendritic cell-directed lentiviral vector; HIV, human immunodeficiency virus; PBS, phosphate-buffered saline; PD-L1, programmed death 1 ligand.
An ideal AIDS vaccine should elicit sufficient CTLs to kill all HIV-infected cells, but traditional vaccine strategies have failed to accomplish this feat. Many strategies to enhance the traditional vaccine response have been tested towards achieving this AIDS vaccine goal. For example, elevated vaccination efficiency was seen when immunizations were combined with either cytokines/ chemokines (IL-2, IL-7, IL-15, MIP-1α, and MIP-3β) capable of regulating survival, 30 expansion or trafficking of immune cells, 28, 30, 31 or reagents that can activate positive T cell receptor costimulatory molecules (CD80, CD40). 32 Recent studies also suggested that blocking the signaling of certain negative costimulatory molecules in T cells could restore cellular immunity. 20 In this Cytokine coexpression subsets are expressed as a percentage of total CD8 + T cells. P values were calculated using one-way Anova followed by a Bonferroni nonparametric posttest (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001). The data are representative of two independent experiments. DCLV, dendritic cell-directed lentiviral vector; HIV, human immunodeficiency virus; PBMC, peripheral blood mononuclear cell; PBS, phosphate-buffered saline; PD-L1, programmed death 1 ligand, SFC, spot-forming cells. study, we demonstrated that in vivo blockade of the negative costimulatory PD1/PD-L1 pathway combined with DCLV-based immunization either at the primary phase or at the boost phase could markedly enhance antigen-specific CD8 + T cell responses. The PD-L1 blockade, combined with prime/boost immunization, improved the quality and function of Gag-specific T cells, prolonged CD8 + T cell responses, and facilitated vaccine-induced protection against virus challenge.
We first studied a single dose of DCLV immunization to highlight the role of PD1/PD-L1 in priming a T cell response. In contrast to previous work, which mostly tested PD-L1 blockade in a therapeutic setting to stimulate one's own antiviral immune response, 13 the research presented here focuses on PD-L1 blockade with DCLV immunization to induce and stimulate the primary T cell responses in the prophylactic setting. When delivered at both the priming and boosting stage, αPD-L1 resulted in enhanced expansion of Gag-specific CD8 + T cells, as well as increased production of IFN-γ by these cells, which is crucial for inducing Th1 immunity. 12, 28 One of the most striking differences we observed between the blockaded and non-blockaded groups was the number of antigen-specific CD8 + T cells present in LNs. Without αPD-L1 treatment, Gag-specific CTLs were nearly undetectable, whereas blocking the PD1/PD-L1 pathway generated a substantially larger number of Gag-specific CD8 + T cells (Figures 1 and  2) . In an HIV infection, lymphoid tissues are the main sites where viruses replicate; therefore, maintenance of virus-specific CD8 + T cells in lymphoid organs is of great importance. 33 These findings suggest that such a blockade may be especially desirable in a vaccine to control HIV infection. We also found that after PD-L1 blockade, Gag-specific CD8 + T cells (including central memory and effector memory populations) exhibited lower levels of PD-1 expression (Supplementary Figure S2b online) , suggesting a lower extent of T cell exhaustion.
Cytokines play a prominent role in retaining effector function and memory of CD8 + T cells, and providing essential help to antibody production and killer cells. 29 Polyfunctionality of T cells correlates with the reduction of viremia and clinical nonprogression in HIV-infected patients. 25 As shown in Figure 3 , when the CD8 + T cells extracted from prime/boost regimens were stimulated with the HIV-1 Gag peptide pool, the most dramatic difference in cytokine production by αPD-L1 treatment was the enhanced number of IFN-γ + /TNF-α + double producers, which is in agreement with the findings for lymphocytic choriomeningitis virus specific CD8 + T cells in a therapeutic vaccine study, 13 and with Pools   P13  P14  P15  P16  P17  P18  P19  P20  P21  P22  P23   P1   1  2  14  25   48  59  70  81  92  103  114   13   36  47  58  69  80  91  102  113   P2 P3  3  15  26  37   60  71  82  93  104  115   P4   4  16  27  38  49   72  83  94  105  116   5  17  28  39  50  61   84  95  106  117   6  18  29  40  51  62  73   96  107  118   7  19  30  41  52  63  74  85   108  119   8  20  31  42  53  64  75  86  97   9  21  32  43  54  65  76  87  98  109   10  22  33  44  55  66  77  88  99  110  121   11  23  34  45  56  67  78  89  100  111  122   12  24  35  46  57  68  79  90  101  112  123  120   P5 P6 P7 P8 P9 P10 P11 P12   P4, P5, A peptide pool was regarded as a positive group when its ELISPOT readout was five times higher than the mean readout of the control group. Each group consisted of four mice. P values were calculated using one-way Anova followed by a Bonferroni nonparametric posttest (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001). The data are representative of two independent experiments. DCLV, dendritic cell-directed lentiviral vector; ELISPOT, enzymelinked immunosorbent spot; HIV, human immunodeficiency virus; PBS, phosphate-buffered saline; PD-L1, programmed death 1 ligand.
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© The American Society of Gene & Cell Therapy PD-1/PD-L1 Blockade Can Enhance HIV-1 Gag-specific T Cell Immunity HIV-specific CTL analysis performed on HIV-infected patients. 33 In the αPD-L1-treated group, a measurable increased frequency of IFN-γ + /IL2 + coproducers was observed, which is characteristic of a population displaying a cytolytic function with proliferative ability. 6 To assess whether the CTLs induced by the prophylactic vaccine were well maintained, 34 we performed kinetic studies of vaccine-specific T cells circulating in the blood. We noticed extensive numbers of antigen-specific memory CD8 + T cells in the αPD-L1 group 2 months post-boost immunization. Moreover, these vaccine-induced CD8 + T cells retained their polyfunctionality, with more IFN-γ + /IL2 + producers and less IFN-γ + /TNF-α + producers, which is presumably due to the immune system undergoing contraction and developing memory. 29 This is supported by the results that more long-term central memory T cells were generated after αPD-L1 treatment (Supplementary Figure S2 online) One desirable feature of an AIDS vaccine is to generate CTL that react with multiple targets on the virus or virus-infected cells. 27 To query the ability of our vaccine to achieve this kind of broad response, we tested the activated CD8 + T cells against peptide pools containing an array of peptides. 35 Our results showed that the most three-potent responsive pools in both groups contain the wellcharacterized dominant peptide sequence (AMQMLKETI). Both the diversification and magnitude of immunogens recognized by DCLV/DCLV with PD-L1 blockade was greater than that by DCLV/ DCLV alone. Therefore, DCLV vaccine administration with PD-L1 blockade generated CTLs responding to a wider pool of peptides.
The vaccine delivered by DCLV/DCLV along with αPD-L1 resulted in a better control of viral load in mice challenged with a Gag-encoding vaccinia virus. This superior vaccine-induced protection is presumably due to larger numbers of Gag-specific CTLs fighting against virus-producing cells. 28, 31 It is likely that PD1/PD-L1 blockade increased the number of virus-specific CD8 + T cells through the regulation of survival and differentiation ability of these cells, 33 which is supported by the evidence that Gag-specific CD8 + cells enhanced the proliferation capability (Supplementary Figure S3 online) , following the boost vaccination with PD-L1 blockade.
Beside its immunosuppressive role, the PD-1 molecule is also an immunoregulatory receptor. It has been shown to be involved in regulating T cell tolerance and autoreactive B cells. 36, 37 There is evidence showing that PD-1 mRNA is highly expressed in CD4 + CD25 + regulatory T cells and anergic T cells, and PD-1-deficient mice exhibit augmentation of autoantibodies to heart tissue and develop dilated cardiomyopathy. 38, 39 Therefore, the dose and frequency of αPD-L1 treatments with vaccine modalities need to be carefully evaluated to maintain a balanced CTL response. 40 PD1/ PD-L pathways may regulate CD4 + T cells and B cells in distinct manners from CD8 + T cells. One critical next step is to evaluate the role of PD-L1 blockade in the immune responses generated by other cell types, and to investigate the potential of combing PD-L1 blockade with other therapies (such as adoptive T cell transfer) to benefit AIDS treatment.
MaterIals and MetHods
Mice and vaccination procedure. Six-to 8-week-old female BALB/c mice were purchased from Charles River Laboratories (Wilmington, MA). All animal procedures were performed in accordance with the guidelines set by the National Institute of Health and the University of Southern California on the Care and Use of Animals. For the single dose DCLV vaccination protocol, 5 × 10 6 TU of DCLV-Gag was given through footpad injection along with administration of rat anti-mouse PD-L1 antibody (clone 10F.9G2; BioXcell, West Lebanon, NH) or rat IgG2b isotype antibody control. For the DCLV-Gag prime/DCLV-Gag boost with PD-L1 blockade vaccinations, mice were primed with the DCLV-Gag (5 × 10 6 TU) via footpad injection, and 4 weeks thereafter, they were boosted with the same vector and dose via subcutaneous injection (at the base of tail) in combination with the treatment of anti-mouse PD-L1 or isotype control antibodies. For the antibody treatment, 200 μg of anti-mouse PD-L1 or isotype control antibodies were administered intraperitoneally every 3 days with totaling three times, starting on the day of vector immunizaiton.
Lentiviral vector production.
The plasmid encoding the DC-targeted envelope SVGmu was constructed as previously described. 21 FUW-Gag was constructed by insertion of the cDNA of a HIV-1 subtype B Gag into the lentiviral backbone plasmid FUW downstream of the human ubiquitin C promoter. 23 To efficiently produce this lentiviral vector (termed DCLV-Gag), human embryonic 293T cells were seeded at 18 million per 15-cm tissue culture dish (BD Biosciences, San Jose, CA) and grown for 18-20 hours. 293T cells were then cotransfected with the lentiviral backbone plasmid FUW-Gag, the SVGmu-encoding envelope plasmid, and the packaging plasmids (pMDLg/pRRE and pRSV-Rev) using a standard calcium phosphate precipitation protocol. The viral supernatant was harvested twice at both 48 and 72 hour posttransfection, combined and filtered through a 0.45-μm filter (Corning, NY). The concentrated viral pellets were obtained after ultracentrifugation of the viral supernatants at 50,000g for 90 minutes, and were then resuspended in an appropriate volume of cold HBSS for in vivo study. 7 PFU of vv-Gag. Vaccinia virus titers in paired ovaries harvested 7 days after challenge were determined on CV-1 cells. Titers from each mouse are shown as data points, and the mean value for each group is shown with a horizontal line. P values were calculated using one-way Anova followed by a Bonferroni nonparametric posttest (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001). The data are representative of two independent experiments. DCLV, dendritic cell-directed lentiviral vector; PBS, phosphate-buffered saline; PD-L1, programmed death 1 ligand. /sample) were cultured for 5 hours at 37 °C in a 96-well round-bottom plate in Roswell Park Memorial Institute medium supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), 10 U/ml of penicillin, 100 μg/ml of streptomycin, and 2 mmol/l glutamine. The HIV-1 Gag peptide (AMQMLKETI) (4 μg/ ml) was added to stimulate T cells for 6 hours, and GolgiPlug (0.67 μl/ ml) was supplemented in the culture to accumulate intracellular cytokines. After washing, restimulated cells were incubated with anti-mouse CD16/ CD32 antibody, followed by surface stained with anti-mouse CD8 and anti-mouse CD4 antibodies. Cells were then permeabilized in 100 μl of Cytofix/Cytoperm solution (BD Bioscience) at 4 °C for 20 minutes, washed with Perm/Wash buffer (BD Bioscience), and stained with PE-conjugated anti-mouse IFN-γ at 4 °C for 30 minutes. The flow cytometry analysis was carried out using the FACSort instrument from BD Biosciences.
Multiparameter intracellular cytokine staining. Spleen cells (1 × 10 6 / sample) were stimulated with the HIV-1 Gag peptide libraries (2.5 µg/ml for each peptide) in the presence of costimulatory anti-CD28 antibody (2 μg/ml, BD Biosciences) and anti-CD49d (2 μg/ml, BD Biosciences) for 6 hours at 37 °C in a 96-well round-bottom plate. Brefeldin A (BFA, Sigma) was added (10 μg/ml) for the last 4 hours to inhibit cytokine exporting. The multiparameter intracellular cytokine staining procedure was similar to the procedure of above intracellular cytokine staining, except that the cells were stained with the following surface monoclonal antibodies: anti-CD4-PerCP, anti-CD8-APC-Cy7, anti-CD3-Alexa488, and intracellular monoclonal antibodies: anti-IL-2-PE, anti-IFN-γ-APC, and anti-TNF-α-PE-Cy7. The data was acquired on a BD LSR II flow cytometry (BD Biosciences). All of the staining antibodies were purchased from BD Bioscience.
IFN-γ enzyme-linked immunospot assay. The ELISPOT was conducted with the Millipore IFN-γ ELISPOT kit (Billerica, MA) according to the manufacturer's instruction. Briefly, 96-well MultiScreen-IP plates were coated with 100 µl/well of anti-mouse IFN-γ antibody (10 µg/ml in PBS) and stored overnight at 4 ºC. The plate was decanted and blocked with Roswell Park Memorial Institute medium containing 10% fetal bovine serum at 37 ºC for 2 hours. Splenocytes from mice were plated at 1 × 10 5 cells/well in 150 µl complete medium with addition of HIV-1 Gag single peptide (2 µg/ml) or pools of peptides (at a final concentration of 3 µg/ml for each peptide) for this assay. After 18 hours incubation at 37 ºC, plates were washed, and incubated with 100 µl/well of biotinylated anti-IFN-γ detection antibody (0.5 µg/ml, BD Biosciences) for 2 hours at room temperature. Plates were further washed and incubated with the 1,000-folddiluted streptavidin-alkaline phosphate conjugate for 45 minutes at room temperature. After a final extensive wash, spots were identified by addition of BCIP/NBT plus substrate, and the number of IFN-γ producing cells was quantified by an Zeiss ELISPOT reader. Groups of BALB/c mice received DCLV-Gag prime followed by DCLVGag boost with or without PD-L1 blockade vaccinations. Two weeks after the boost immunization, mice were challenged with 10 7 PFU of vv-Gag intraperitoneally. The animals were inspected daily to monitor the body weight for 7 days. On day 7 after challenge, mice were killed, and the ovaries were harvested, disrupted by homogenization. Vaccinia virus titers in ovaries were evaluated by plating serial log dilutions of extracts on a density of 5 × 10 5 CV-1 indicator cells for 48 hours. After 2 days, the media was removed, CV-1 cell monolayer was stained with 0.1% crystal violet (Sigma), and vaccinia virus plaques were quantified.
Statistical analysis. Statistical analysis was performed using one-way Anova followed by a Bonferroni nonparametric posttest. P values <0.05 were considered significant. The results were generated by GraphPad Prism version 5.0 software. 
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